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POINTROD CTION

This report supmpmarize < the resudes o o stady on attitude control of an carth
orbiting, manned space <tation. The stady was resiricted to o votating vehicle whaose
spin axis is nomimaitly sun-oriented. It vas jurthory restricted to an axisymmetric
configuration, i.c . once in which the transverse moments of inertia (around axes
which are normal 1o the spin axisy are cqual. The above conditions are perturnt to
o baroe manned orbiting stotion o viich spin s vsed to provide crtiticnad grariny
1 avis s orionted tovard e sun <o oS o faciiinate sobir ene roy eonversion

DV e o o <edor oo and the o int sones ol therrmal balanes o the =tatnon.

thys sndy oo sonis oo soonsaon o0 the cnabvnical saris of the vors pros ionsds
dedic v D et h Incorneratcd oo contraet NASe SN (Rets s and 6o v as fornd

By boaotechs as el as by others vorking on attitude control of o Laree manned station.,
that the sconlor graviny - oradivnt 1ovaae 1= g major source of disiurbance on the

station, leadmyg to taree propellant roguiremonts for attitude controi purposes. the

prosent study was therciore aimed ot the evamation of control uethods= which wili

minintize the propellant requiroment o cotnpensate o gray

; voeradiont torques.

e

Phe ceneral boasis taor sochins o wsch centesd o onothods s devioed from the facr thar o Lo

chven <0 ction nd b peignc i re L tac vragn ade of eravity sradiont tovgues can be
sociraiciy preocred ond sance s sl dominant cifect on o station attitnde . its cirect s
can ihoremore he anitcipated. Nere speciiicatlve this stady woas it nded 1o explore
oo aspects o the preblen o he st denoted as Task AL dealr with the cifect o
Latneh parameters on propetlont consnption. 1t auned at establishimge whether g

suitable choice of time of dayv oy dot o of Taunch mitght fead to o mirimization of pro-

o

petlant neceded to onorcome socular craviny gradient torgques over peviods of Trom
)

Pro 3 vears. The sccond task, denoned as ask B3, was broader i scope i that it

dealt with the chotce o contyed ortevia and associaed imstramentaiion ior reaction

ol actuction . the obpoctiocin bty tasks has been to miininvize propetlant voego
monis d ooscontor oras iy rradiont toraue s, incleding the etfect of the panaal



gen dor o the carth o cronmnd theosan Ssoshosin 0 roference (0, these nwo effects

SCeonnt tor o abonn 33 per cop ot the diestivbances on the station attiode ralative 1o

th =t

The boste cpproach o thes stady volates o the tact that the roanned orbiang

stations contemplated for the near forere are Hikchy to rolerate reasonable mis-

aliciment relative to the sun. specidicatbyv, it was assumed that sun orientation

= necded primaridy for solar onorey conversem by means of <elar cells and that

the penaliy Tor miseligniment dross the sin would theverore be maindy inctiicient

opcration of the solar cofl wrray. o oxamiples ata acisaligmeient of 20 degrees

. \- T 1 ... 1 i [IRRY . Yo . + FURN S S P . - Lo . .
Crasy thoe o =or tho Tossan lootye sl e oiipl wosiia be aboit 6 ey ocont L ASSUL g
Tt the =totpon rogeires inihoarder o 2o giis o cleciricad porieys Goposey

Vv o gt R S . - R o R s A P N TP . 13
S N A L L SN S N I R R S R S I Voot

Colltor caira weizht i solar array of ondy g fews hondred pounds. However, B

appears that the availability of 20 dewrees mizaliomment can be uscd 1o reduce pro-
pellant woight for a one year mission by a thousand pounds or more. The degree
to v Lich propellant consumption woold actoadl po reduced depends apon how
Criectively the permissinlc misalimmen i wibized.

Axdeseriboed mothe scctons which foliow . pormiting oomiseliznment ol the
Station's san poinimge axis offers the opportinity to roduce propetlan requirements

Dy rabios o = able choiee of the te of vear o Branei and by sclectig an appro

) oat

Criate o contrel podicy for actaniioat o readiioi jet s,



sty which are conumon o e Two fasks

Crasny-Gradient Tovgue

1

Ficore Ddoetines the o ovioe s coovdin o

-

e =vstems and norsenclatu

the derioations of Sppendiy S0 Por the avisvinme

This secrion contains a discassion of analvtical and numierical aspecrs of the

Aorotating station with a high angular -momentam along the spin axis is quite
msen=itive to the sariations i ora 0y eradient torque during once orbit, This is

pore futhy deseribed in veforence Oy where it 1 shown that for the assumeed station
paramcetors the peab o misabiovment due to the portodic graviny credient torque would

Do in the order of C D deoree Thre sredv ot retfore concoeriod drac s ondy with the

sccrtar ov o onerage cras ity ovadionT Lergne per orbir,

Yoo sod b

Ui station. the sconlar grasity

cradient torgae s eiven by equation (22) oi Appendix A,

—~

IOV, DT of 1oriia

i

(axis of svnuoetry)

Its of particnlay terest to aote that the

. . . . . bad
i the orbinal plane since i is porpesdicular 1o u.

v b e Coradian Tregienoy Tov a civonlar orbi

Al ditrerence boetween the spin axis and tronsverse

! secular graviny gradient torque

? Sounit o vector glong Qtation spin oasis

-~ . | L . .- N
i it vector nosmal to the orbital plance (see Figure D)

-~

secular torgue Toomust always i
< :

Parthicrniove the magnimde of

()
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wlhore Tof s the anele borteocn 13 and wo izt is

i

the anede borvwoen rhe

spin axds ond the orbiiad plhane as ccosurod inoo plane normal o the orbiral plane.

Thoese ratotionshins are shovn an pae 2

Por g spinning steron. Gty be conclided that Uie seeular o iy - eradiond

torqgue canant, h}' [T ;W‘udik\) Diolion o) iho s})jn Sasts which will L';)“”]X'L- the

magnitude of the torque. Since 1o Ties in the orbital planc, the gyvroscopic precession
o )

vector muest be norinial to the orbiod plans and the motion of the spincaxis will ocour

atong the sirace of o conc whose asis is aormal 1o U orbital planc. The angle “a*t ™
s theretore sot ahieved and 0 vould renain constang, 17 e orhisal plane wore to
printa s abed e orionstion s b spin e wouhd descnibe aocone around the

orbiral plone vecror and wouald proces< gt g ocons<tant rate. e actuat tiie viniation

of Tl sce B e s eradiont tarens ie thoyed G

RN e P I e H
AR N A TN R

PVOTCLYeasion of T
orbital plane and the moton o) the carth arovund the st

o Sallestrates the anmnal chances of the scoeular sravity-eradiont torque

tor the assumred orbic inchination of 2% decrecs and the initial conditions mdicated.
This vector torque magnitude has heen calenlated on the assimption that the spin
axisrs contintonsbe alrencd tothe o sans TThe control Impulse o eded 1o avcomplish

this alienment s obtained by cuslonting the arcs under the torague corve withow
il R i

Fogard to o sien
Reiermnaso Fionre 300 4s 00 be noted that the torgne cirve con be conside red
tocomsist ora S day evelic wariaion supcrimposod upon the doved curve which is

Casontially smusordal and has o poerid of appronimatc v one vear.

3

B Combined T ileet of Annmgal Proce 2=ion and Secular Gravity-Cradisnt Torque

I considered independentiv, the annual rotation of the carth arvound the sun

vould veqguire she application of o control torque ol constant macnitade so as to

maintain s obicnmont. s shown in reference (0). propetlant requiremeonts

aEsoctated with e anneal voration v bd be osecond only 1o that duce to the <coular

Sras ity gradiont torgue bothe o are o sliaated mdependentdy, Tids howower, nm

realistic to consrder those two cifects induependently because their very difforont

characteristics sugeest that the teo vould combine in o - cry praticalar way.

I
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orbital plane

- .
L precession vector
p

direction of spin-axis
precession along the
surface of a cone

FIG. 2 - SECULAR GRAVITY-GRADIENT TORQUE GEOMETRY



Orbit Inclination: 28O

0
Initial (Launch) Conditions: ‘#0 = = 180

i
1 i
i
I.a 3501 .
S = Time - Days
o

FIG. 3 - VARIATION OF SECULAR GRAVITY-GRADIENT TORQUE
FOR CONTINUOUS SUN ALIGNMENT
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3 - VARIATION OF SECULAR GRAVITY-GRADIENT TORQUE
' FOR CONTINUOUS SUN ALIGNMENT




_ To ilustz te, we consider the case 03' continaousaﬁgnﬂwm of the spin axis |

Smce\the _ 4‘ day n,ycles are generaily ot symmetrm about the time axis.

~cach cycle will producc different values of the dlfferentxal areca A + Az However, |
because there is symmetry in these variations between the first and secoad half of

the year, these é;fferenccs wxll ‘tend to cancel out ovet a one year mteirvf /

8 The above maﬂs to two genclusmﬂs regardmg the cembmed effect o aama@i v ,
, precess.um and secula:r gravmy-gmdwnt torques. First, 1f~prdpellant requirements '

t mp ¢ ofi< ne year or mulnples of one yea.r, the toz:al re-

‘quxremmt can he estunated by.ﬂcmsxdermg the secular gfavity -gradient tczque alone.
vSecomﬁyj', mcluswn of the aﬁm;al motion of the earth can be Mpectcd to mﬁuence t

g ”trate of“propellaﬂt comumptmn durmg the year. Specifically, its effect would be to

'k'.‘increase propellant requircments during one half of the year and to decrease it

' durmg the other.




FIG. 4 COMPONENT OF GRAVITY-GRADIENT TORQUE




I

FIG. 5 - ILLUSTRATION OF COMBINED EFFECT OF
GRAVITY-GRADIENT AND ANNUAL PRECESSION




.ﬂ’lﬁr ore u‘;efu}

! s those dlSLUSSQd above. HoWever, in the actual situatic
spm 'ax:s will be m:salxgned the extent and nature of the mISalignmeat bemg depcndc

| upcn the Lontml pohny which is used, "“To penmt a more realistic cvaluanon in both :
of the study task&s the dYH&ﬂ‘llLb of spin axis motion relanvc to the sun must thercfo ’
‘i be mcludcd .

fa) The fmm' «m@l

5 ar mommtum fs 1argc compared with the maximﬁm gravxtym
S S f'graﬂiem: tovrquenmpuiﬁo during one quarter of an orbit 80 mat the averagt gravity-

gradunt torque during an orbit, rather than the mstantaneous value, can be used in

the c_alculanon of spin axis drift.
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instantaneously

o of thL spin axis back to snme predetermmed angular devxatnon é,, (pan1a1 corrc

‘dynamic cgyatwns with mmai umduwns detcrm ined by spC(. :fymg thc direcnon of

% e B M B F N B o L . N " ® ” o A -
. . . A . . " . o s

short relative to.

A ppli atmn of ﬂx dynamic cquanons a!so rcqmred the use m‘ the various
tngonometnc reiatmnshlps which relate the orbxtal parametcrs as a functlon of time
of year. These will be found in reference (6).

TWo types of on-off control policies for the appli::atxon of corrections were
eonsxdered in the computcr solunon. namely (@ drift of the spm axis to seme pre—
determmed sun devxation angle & and then correction of the spin axis back to the. sun
lmL (full corrcctmn) and {b) drift 1o some predetermined angle & and then corrcctwn
cx:xon} ‘
In both cases, the eommtcr solution is reany agerms of solulioas m’ t:he

the spm vecmr in inertiat ¢oordinates just after each correction. Each c,orrectmn

implics the application of a control torque impulse by use of propellant in a time small:
compared with the drift times.

13



, Staticn Param«ate , : , " _
;iollowmg numerlcal values of orbit and station parameters Were used

axxs mom(,nt ef mertia - I =t 5 b3 197 shag-ft

’Transverse moments of incrtia (equal) T 1 05 x 167 slug-ft

Al = 4,5 5.4 106 slug- ftpz

Momcn arm of teaction mntroi nozzke : A”IS feet

i’!‘opetianﬁpcum unpulse - lSp = ‘%@wc
7'1'~Spm rate - 3 RPM, angular velmuty voatm‘ pomzmg to the sun
»( ,Orbit altitude - circular at 300 nautical miles
(g) Orbit inclination to equator - 28 d(_grees :
®) Iitial orbital parameters - & = 180%; i = 180°

Asmmpn as (c) and (d) were needed only for Lstlmatmg propellant weight in poun
do not include the w e:ghe of progellaat tankage
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Under these hmmng conditions, the problem reduces simply to the mtegratmn of the "

Secular tarque over a prescmbed mterval of time for dlffercnt imual conditions, i

’vccmbinatiéms ef mlﬂal laum,h comhtions These results are consistent with a q

Lvahmt.ton of the varmtxon of the gecular gravity-gradient torque with tlme As shew;i

by the dotted line in Fig. 3, the torque curve tends to repeat itself at intervals of aboui




txon spm-azus is contrelled m an on-off

L)

to varymg degrees of ang\ﬂar accuracy
The computer data summanzed in Figures 7 and 8 are dxrectly hcable

to this problem since the aaglc through which the spin-axis is reoriented at each

correction is dlrect.ly propomonal to the propcllant required to perform the maneuy er

Resum. of ca’lcu’iatmns “based an z:hese computer data are summarized in Table 1.
KR Rcferrmg to Table 1,itis seen that the unbalance in propeliant consmnpuen :
A‘betwaen the two halves of one’ yeax becomes more pronounced as the accuracy oi

‘. spm-axis ahgnmcnt rdatm, m the sim is reduced This effect is attnbuted to the
: annual pwcesswn required m mmnt:am sun-orlentatiga As will be shown m h

discussion of Task B, redmed sun~p0int1ng accuracy Ieads to reduced yearly pre

consumptxon which implies lower average levels of secular gravn:y-gradlent torque:

Referring to Fig. 5, it can be seen that as the peak value of the cyclic curve




‘_ days correspend 0 tﬁfz gmnoxes and t= 91 2andt=

2’73 8 days correspond tc he
’Solstices “This argument also tends to explam why mere would be dlfferences bety

| :ﬁle quarwﬂ“y prcpenant rates in- Table I.

o To il the mgmfwame of mc ‘above vanatians, we assume..a mxssm
of 18 manﬂrs and» cansmer two choices of launch condltinns . We also assnme that.
mstemcus én-*off control is used to reahgn the spm-axis to the sun when the misa

angle has rgached a value of 20 . I launch conditions were the same as those )

computer runs, the total propcllant requlrc,ment for 18 months would be 165 perc:

yearly requxremem If, on the other hand, initial condmons were such as to cor

19










ne, > wlwre the control torque moves the spin-axis toward the sun but only part of
the way, and (3) Lom:inuous contml applied S0 as to mammm the: spmwaxm along a
‘ predetermined pdth wn;hm tbe cone described by the permxssxble angular mlsahgnm”

from the Sllﬂ . A more detaxled descnpnon of these three control pohc:es and the
esuks of t%wi;:: e’vﬂua«tﬁm folkms ’ y

f_:A Qn-()ﬁ Control With Full Correction ‘ |

‘ ; Thzb appma;.h’mvoives mimmum mstrumentatmn comp}mutv M:sahgnme

af t;he 'sgm-mus from the sun is measured by means of sun sensors and a control
torque is applied to reduce the sun error angle to zero whenever the misalignment
reaél;es a preselected maximum value. Between corrections the spin-axis is allowe;d

to drift freely. “The calculation of propellant requirements assumes that only a smglé




- shown a«bo%, Fxrst as me ‘spmv»axw dnff,s from the sun thc angl{ a (Fig 2)
wﬂl be d;ifert.m: man ﬁ the Spm~ax1$ were always in the echptxc piane as s ﬂm

«stanon) to apply an avu'age torque to thc station wmch is mual and opgmsitc
the dlsmrbmg taerques the corrcspondmg impulse supphed by the propellant is given by

o




s Fhroon

‘pc'rmis bie angu T devxatmn fmm the sun It is, however net kmown whemet me

parti uiar com:mi ode }nst cmajﬁered Ieads to opnmum dnft'condltwas “In fact

mlght conjccture l:hat since propellant consumptmn decreases with the magmtudc of

the deviation angle, keeping the spin-axis near the maximum allowable misalignment




15-20:

lmpltmenmtmn of tlus control policy of pamal corrections mvolves no add

magmtude ef ﬂm correcnve impulses ‘Since the chosen range of deviation ang

' above rwe r\ms '; qmte arbitrary , O Quam:itatlve conclusion can be drawn t‘ta. :

if %a were t:o diqrcgar, mstrmnentanon reqm,rements as a basw for §

" ’ : ’ ¢ 3 - ’ — ~ : "’ 3
[ Cw . ; . S T ST . . A Pt L) : I

dlffercnt contm)l policies,the control problem could be formulatLd mathematic

that of -definin_g the path which the spin-axis should take thhm the limits of the

25

B :




_part the secu!ar tarque wifl tﬁerefo;-e be zero.

As descnbed m Sectloa 11-A, the effect of the seuﬂar torque m to move thq
tip of t:hc spin axis parallel to the msmntaneous posmon of the orbital plane Thus
if we assume that initially the desired minimum torque or ientation exists, rheqcf e
of the seaular torquc would indeed be to rotatc the spin-axis about the sun line he
the sun error ang’!e constant; Howeva , it can hardly be expected that either the
dxrecmm of mtatman and/or the amount of rotation w111 be such as t:o produce the '
assumed mmlmum tz)rque condmons at all times. The 1deahzed case is therefor
not attamable in reallty aad its usefulness lies onlv in the fact {that propellam T
assocmwd with it repmsent a 1ower llmlt for the more reahsuc situations . - For

having assumed mat the desxred minimum torque path will be traversed, the onl

function of the co’ntrol system will be to overcome the secular torque associated with

this path.




requa, ement wﬂ! how be calculated w include the unpulse needed to onent me Spifn«g
axis along this specmed path Sucha calculation was performed for the 52.5+-day
permd o£ Flg 9 and for &= 10° . The baam proccdure was to usc the equatmn of

motioni

where ? in memal coordinates may be vpecxf,xed from the geométry A numencal
(graphical) determmauon of d ? /dt was used to evaluate the torque L which produces

- .. -
an
0
=9
(]

motlen:along the desired path. This torque consists , however, of the control torque
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In adﬂiﬁ(m , the appllcm of ox

indlcate the range wxﬂlm wtuch ttus approach to reaction jet control wﬂl iall

In its general form, this ag)mach calls for the greatest mstrumeatatwa
complcx;ty Ttms , itis ﬁrst of 2
spm~axisand to com;zare ﬁzxs wi'”

necessary to sense the memal or:cntatiun of b_the
i program of the desu‘eé memal '

tive t:orques mast also be d@ne in terms of

inertial coordina&s an mertml sensing systamii :mzt needed for

Te compare the relauve mm‘lts of the thme centrol methods dlscussed above 5
the varmus mdlvidual resaks are summdnzed in Fig. 10. The upper, solid curve

indicates the malmer in which on=off control with full correction tends to reduce

&













yt_ar thib will not bc ttuc

For the absumed orblt and station paramcterb and assuming on-off contrel
to a permx:.%ibk dcwanon angle of 20 degrccs propellant rcqulrcmcntq for an
18 mouﬂw mission um}d dependmg upt)n !aunch paramcters be as mut,h as 1 475 lbs
or as Imh: as 8&0 Ibs e ,e a dlffexence of 675 lhs For a three months, missmn ‘the
eficct of iaunch patamete;rs 13 eveﬂ more blgmflcant smce t:hc maximum mqmremmt

900 Ihs‘; whereas the mmlmum possibie is about 219 lbs viz a

The desired 1aunch garamet.ers are defined by the time e”f mc year of artm;
mjwt:on(‘# ) and the time of day associated with a particular launch co-ordinate

(yo) . For the a.ssum«sd station parameters, the time of day will locate the initial




data of Fag. 11 it; is estimawd that if the station spm—axis is mammined batween 2
and 19 degx:ees the requxred pmpellant for a one -year period will be about ‘58% of the
' year!y requirement fer cantinuous sun alignment. The net savmg, allowmg for, ﬁm 5
1201}33 pemlt’y m extra solar ccn panels , is about 1200 lbs . Viz, 3, 180 1b for

- 5=0 compared to (1, 845 + 130) 1bs. for §=20°. 1fa permissﬁ)le sun deviation angle
: ef 25 de"’ e&s is to be anowegl, fthe net savmg retamve ;:o continuous Sun al‘ gam

Thm swdy md’icates tha cantml o within a reasonably narrow bmrd aixm.
maximum permissibk: mﬁﬂ&h@ment b&y to 1- i0 , is likely to lead to the most

utlhzatmn of ﬁie allowable sun deviation. This appcars to be compatible with power
supply operaxmn since it would minmnze fluctuation of power output from the solar

cells due to changes in orientanon relatxve to the sun.
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'I‘he merits oi ‘f: e ab:we comol mectmd are‘m 'simplic 0 Wma vihich it.can

ity ,. im fm:thetr smdy m not warmnted




yicld an analytical defivation of the detailed control laws which are sought and

in any case they will serve as useﬁnl guidelines for compurer smdies aimed:: ‘at
the formulanon of the control laws. o

In view of the psmentml u:thty of the control ¢ ritu:mn evalved in thm
smdy, it is aiso recemmenéed’ that further work be done to extend it t:o stdt’ums
of armtrary mass dxsmwma e
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thjs systcm we ha e
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11, The Equations of Motion for the Spimniag Symmetrical
e 5ttt B Bows ok Change







Hence swa' may be written as:

sma‘:i - Guoini cos.( *‘Jsm‘?~ 5‘: o3t + c‘“ess- 8104 | '

for lLsl we have from (1):.

< Py

5}%&&%
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two conditions:







